Abstract. Teleseismic body waves from large earthquakes are used to study the downdip geometry of continental normal faults in the Aegean. Waveform modeling techniques together with rigorous statistical tests are applied to put firm bounds on the amount of downdip curvature of these faults and the role of coseismic slip on a basal detachment. Synthetic modeling shows that good azimuthal station coverage and inclusion of SH waves are necessary to resolve fault curvature. The data indicate ruptures of the Aegean events occurred on planar faults extending across the entire brittle portion of the crust. No seismogenic low-angle detachment faulting at the base of the upper crust was detected for these events. Decoupling of the brittle upper crust from the plastic lower crust probably occurs aseismically in a ductile fashion.
Introduction
The mechanisms of continental crust extension are a matter of intense discussion within the geoscience community. In this paper we present seismological constraints on the downdip geometry of continental normal faults.
Drawing primarily from evidence from geologic mapping and reflection seismology, various continental extension models, including pure shear, simple shear, or a combination of both, have been proposed. Pure shear extension has been described in terms of "bookshelf models" involving stacks of blocks separated by planar high-angle normal faults [Morton and Black, 1975; Wernicke and Burchfiel, 1982; Jackson and McKenzie, 1983] or in terms of listric faults bottoming onto a basal detachment [Hamblin, 1965; . Lowangle normal faults of large areal extent, so-called "detachment faults", were first described and extensively studied in the metamorphic core complexes of the Basin and Range region [e.g., Crittenden et al., 1980] . Wernicke [1981] , Davis [1983] , and Lister et al. [1986] suggested these gently dipping structures are fault surfaces caused by simple shear extension. This interpretation aroused considerable controversy since rock mechanics precludes low-angle faulting in the presence of a subvertically oriented maximum stress axis [e.g., Sibson, 1985] . More recently, Spencer and Chase [1989] and Melosh [1990] argued principal stress orientation may change with depth to that favoring initiation of gently dipping shear zones. The rotation of fault surfaces to low dip angles due to isostatic response has been investigated by Buck et al. [1988] , Buck [1988] , and Wernicke and Axen [1988] . Forsyth [1992] addressed the influence of topographic loads and bending stresses on slip continuation for faults with various dips.
Seismological data from large earthquakes provide constraints on the geometry of active normal faults against which the kinematic, rock mechanical, and numerical models can be tested. Most previous investigations of downdip curvature of normal-faulting earthquakes compared the fault dip at the Copyright 1996 by the American Geophysical Union.
Paper number 95JB02882. In this paper we apply Nfib•lek's (submitted manuscript, 1995) body wave inversion technique to study the fault geometry of the six largest normal-faulting earthquakes in the last 25 years in the Aegean region (Figure 1) . We reexamine the Alasehir and Gediz events. First, we present a synthetic example to show the effect of fault geometry on teleseismic waveforms, followed by a description of the inversion procedure and application to actual data.
Synthetic Example
Waveshapes and amplitudes of teleseismic body wave seismograms for magnitude 6.5-7 earthquakes are generally well accounted for with average (point source) models; effects of fault curvature are only secondary. To determine what phases and recording stations are most sensitive to fault geometry, we calculate synthetic seismograms for finite fault models with various curvatures. These models consist of three subsources placed at 10, 6, and 2 km depth. We assume pure normal-faulting on a north-south striking, eastward dipping Second, we investigate presence of coseismic slip on a subhorizontal detachment at the fault base. This is achieved by introducing a second source at twice the centroid depth ( Figure  3 ) constrained to have a low dip (0 ø or 10 ø) thus mimicking a detachment fault. We invert for moment release immediately following the main body wave pulse while keeping the other parameters fixed. Significant coseismic slip on a detachment would appear as moment release associated with the second source.
Finally, we provide formal statistical bounds on the amount of fault curvature associated with these earthquakes. We divide the fault surface evenly into three parts and place one point source (subsource) in the middle of each part (Figure 3) . A finer subdivision could lead to an overparameterization and instability; three subsources are sufficient to find the overall fault geometry. Teleseismic body waves are not sensitive to relative horizontal position of the subsources [Braunmiller, 1991] and therefore placing the subsources on a planar fault (using the dip angle found in step one) is adequate for the purposes of this study. Rupture is assumed to propagate upward from the base of the seismogenic crust as typically observed [Sibson, 1982; Das and Scholz, 1983; Wallace and Kemeny, 1992] ; upward propagating rupture is represented by a slight delay of the two shallower subsources relative to the deepest one.
Clearly, the best fitting model for each earthquake would be obtained by freeing all model parameters during the inversion. This would, however, make the significance of each parameter difficult' to interpret due to complex parameter trade-offs. result of structural effects along those ray paths since main shock and aftershock waveshapes are similar (Figure 6) .
To investigate the downdip curvature of the fault on which this earthquake occurred, we distributed three subsources along the fault's width at 2.6, 7.7, and 12.8 km depth. The fault models with different amounts of prescribed curvature (in 10 ø increments) are compared. Figure 7 shows the fit to the waveforms for azimuthally representative stations for four models: planar (PL), concave upward with 30 ø and 60 ø curvature (LI3, and LI6), and convex upward with 40 ø curvature (LO4). The planar model (PL) has the smallest misfit overall and consistently fits better than any listric model. As expected from the synthetic example shown in Figure 2 , the main differences between models can be seen for SH waves (e.g., SCP, COL). Applying a statistical t test, we find that, at the 95% level of confidence, models with a change in fault dip as small as 10 ø are not allowed by the data.
The above evidence indicates that the fault plane of the Gediz earthquake is essentially planar. We find no evidence for leveling of the fault onto a basal detachment or for coseismic slip associated with a detachment.
We applied the same three-step modeling procedure to all six investigated earthquakes. Details of the analysis are given by Braunmiller [1991] . Table 1 The Gediz earthquake and the main shock of the Corinth sequence are the largest of the investigated earthquakes with well-constrained fault geometry. The centroid depth (hence the fault width) for these two events is larger than for the other earthquakes, and therefore the resolution of the downdip curvature of these two events is better. They ruptured along essentially planar faults. For the Thessaloniki and the two later shocks of the Corinth sequence, planar geometry fits the waveforms better than any listric model. However, misfit differences are smaller, resulting in a much larger uncertainty. A comparison of the centroidal solution with the first-motion polarities favors planar models for these earthquakes.
The Alasehir earthquake is the only event we studied where the best fitting model based on waveform data is slightly curved. Because its centroid depth is only 3.3 km, this earthquake's fault geometry is least resolved. A 20 ø convex upward curvature fits slightly, although statistically insignificantly, better than the planar model. On the other hand, listric geometry (concave upward curvature), which is geologically more feasible than convex upward curvature, is not supported by the data. The consistency of the short-period first-motion mechanism and the centroidal solution favors a planar model for this earthquake as well.
Conclusions
We have shown that good station coverage and a sensitive statistical test, such as the one presented here, are required to detect the small amplitude variations in teleseismic body waves caused by fault curvature. It is crucial to include SH waves, since their waveforms are most sensitive to changes in fault dip for dip-slip sources.
The large earthquakes studied here generated surface ruptures. Their fault widths indicate that they were powerful enough to rupture the entire width of the seismogenic upper crust. These earthquakes occurred on main range-bounding faults that at present contribute considerably to continental extension. Resolving the geometry of these faults constrains acceptable models of extension for this region.
Our analysis indicates that in the brittle seismogenic part of the crust, the large range-bounding faults are essentially 
